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INTRODUCTION
Lactation defines the ability of mammals to feed their young. The mammary gland fully develops during pregnancy and is at its most productive during lactation [1, 2] . Milk production and secretion are vital for nutrition and survival of neonatal mammals. Despite the obvious importance of lactation, the local mechanisms regulating the onset of lactation are not well understood. During pregnancy hormonal stimulation, mostly through estrogen, progesterone, and prolactin, drives formation of lobulo-alveolar structures, the milk producing unit of the mammary gland [1, 3] . In murine mammary glands, lobulo-alveolar structures develop during pregnancy.
Communication between mammary epithelial cells is vital for lactation [4] [5] [6] . Connexin43 (Cx43; also termed gap junction protein alpha; official gene symbol Gja1) is a gap junction protein expressed in myoepithelial cells of the mammary gland. When Cx43 function is disrupted, mammary gland development, including development of lobulo-alveolar structures, is only mildly impaired but lactation does not occur. In this instance, the failure in lactation is due to an inability of myoepithelial cells to respond to oxytocin, the hormone responsible for milk ejection [4] . Oxytocin response stimulates contraction of the myoepithelial cells, allowing ejection of milk from the gland [7] . When gap junction connections are disrupted via a decrease in Cx43, oxytocin responses are greatly attenuated [4] , indicting the importance of myoepithelial cell communication during milk ejection and, therefore, lactation.
WNT5A is a member of the wingless-related (WNT) family of secreted glycoproteins. WNT proteins activate two general signaling pathways [8] . The canonical WNT pathway involves stabilization and nuclear localization of b-catenin [9] . Canonical WNT signaling regulates growth, differentiation, and stem cell maintenance. Noncanonical WNT signaling is independent of b-catenin and activates either the planar cell polarity or the WNT/Ca 2þ pathway [10, 11] . In addition, certain noncanonical WNTs inhibit canonical WNT signaling. WNT5A is classified as a noncanonical signaling WNT. Both canonical and noncanonical signaling WNT proteins are known to regulate development and cancer progression [12] . It has been previously demonstrated that WNT5A is expressed in every stage of mammary gland development except lactation [13] . Our laboratory recently demonstrated that lack of Wnt5a in murine mammary glands accelerates development during puberty and enhances tumorigenesis [14, 15] . However, the function of the decrease in WNT5A expression during lactation remains unclear.
Although previous research has defined possible roles for WNT5A during puberty and tumor progression, investigation into the effects of WNT5A during pregnancy and lactation has been hampered by a lack of available mouse models. Wnt5a-null mice die at birth. Studies examining WNT5A have therefore utilized mammary transplant models, which, by their very nature, prevent examination of normal lactation and specifically milk ejection. In order to characterize the effects of WNT5A on pregnancy and lactation, we generated mice that overexpress WNT5A in the mammary gland using the mouse mammary tumor virus (MMTV) promoter. In this study, we demonstrate that WNT5A can regulate the milk-letdown response to oxytocin at parturition, potentially through regulation of Cx43 function in myoepithelial cells.
MATERIALS AND METHODS

Cloning and Transgenic Mouse Generation
Human WNT5A cDNA was obtained from Open Biosystems and was cloned into the MKbpAII vector containing the MMTV-LTR promoter/ enhancer and KCR intron to increase transgene expression (gift from Jeff Rosen, Baylor College of Medicine). The human WNT5A cDNA was amplified using primers with engineered restriction enzyme sites on either side. WNT5A cDNA was then inserted into the MKbpAII plasmid using BamHI and XhoI sites (Fig. 1A) . The final transgenic expression vector was termed M5a. Linearized M5a plasmid DNA was injected into hybrid C57BL/SJL embryos by the UAB Transgenic Mouse Facility. Genotyping primers were designed to amplify a segment from the end of the KCR intron through a portion of the WNT5A transgene (M5aF 5 0 : TCCTGGTCATCATCCTGCCTTTCT; M5aR 5 0 : GCGACCACCAAGAATTGGCTTCAA).
Mouse Husbandry
All the mice used in this study were maintained under the guidelines of the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham and were raised on the premises. Seven MMTV-WNT5A founder mice were generated, and each was used to generate a separate line, termed M5a1-M5a7. Each founder mouse was backcrossed into C57BL obtained from The Jackson Laboratory. The gestational age was determined from vaginal plugs. The morning when a plug was seen was counted as 0.5 days postcoitus (dpc). For pregnancy studies, female mice were killed at 17.5 dpc. The morning when pups were first seen in the cage was counted as 1 day postpartum (dpp).
RNA Isolation and Semiquantitative RT-PCR
RNA was extracted from whole mammary gland tissue (after removal of the lymph node), homogenized in Trizol (Invitrogen), and resuspended in water. Complementary DNA was synthesized from 2 lg total RNA using a reverse transcription kit (Qiagen). Semiquantitative PCR was set up using approximately 50 ng per sample. Each sample was analyzed at the linear range of amplification, as determined by analysis at three different cycles. Complementary DNA levels were normalized to b2-microglobulin (B2mF 5 0 : TTCTGGTGCTTGTCTCACTGA; B2mR 5 0 : CAGTATGTTCGGCTTCCCA TTC). Transgene levels were assessed using primers specific for WNT5A (WNT5AF 5 0 : CCGCGAGCGGGAGCGCAT; WNT5AR 5 0 : GCCACATCA GCCAGGTTGTACACC).
Protein Isolation and Western Blot Analysis
The whole number 3 mammary gland from 8-wk-old mice was homogenized into 500 ll of standard radioimmunoprecipitation assay (RIPA) buffer containing phosphatase inhibitors (Sigma) and protease inhibitors (Roche). For pregnant and lactating glands, protein lysates were generated from purified mammary epithelial cells. Mammary epithelial cell isolation was performed as previously described [14] . Briefly, mammary glands were digested in collagenase/pronase for 2 h at 378C with rotation. Cells were spun at 850 3 g for 5 min. The pellet containing mammary epithelial cells was washed five times with Hank buffered salt solution plus 2% fetal bovine serum (Invitrogen) and spun for 30 sec at 850 3 g. The resulting cell pellet contained purified mammary epithelial cells. This pellet was resuspended in 300 ll RIPA containing phosphatase and protease inhibitors and homogenized to ensure complete disruption of the cell membranes. Protein concentration was determined using a Bradford assay (Bio-Rad).
Proteins were analyzed by Western blot analysis. Protein samples were run on 10% SDS PAGE with 30 lg of protein per lane. To assess Cx43 phosphorylation, protein was run on a 12% gel until the 37-kDa marker reached the edge of the gel. The protein was then transferred onto polyvinylidene fluoride (PVDF) membrane (Bio-Rad). Membranes were blocked and stained in 6% nonfat milk in Tris (pH 7.4), NaCl, Tween 20 using anti-beta-tubulin (1:1000; SCBT), anti-WNT5A (1:1000; Cell Signaling Technology), anti-alpha smooth muscle actin (1:2000; Abcam), anti-oxytocin receptor (1:1000; MBL International), anti-beta-casein (1:1000; SCBT), anti-p63 (1:1000; ThermoScientific), anti-pan-cytokeratin (1:2000; Novus Biologicals), anti-Cx43 (1:1000; Sigma), anti-phospho368 Cx43 (1:500; Cell Signaling Technology), and secondary horseradish peroxidase-conjugated anti-rabbit or anti-mouse (1:1000; SCBT). Bands were visualized using either standard enhanced chemiluminescence (ECL) reagents or SuperSignal ECL for weaker signals (ThermoScientific).
Tissue Processing
The number 4 mammary glands were removed and fixed in 4% PFA for 1 h at room temperature. Tissue was dehydrated at 48C, cleared in xylene, and paraffin embedded for sectioning. For whole mount staining, glands were fixed in Carnoy fix for 1 h and stained overnight with carmine. After dehydration and clearing in xylene, glands were mounted in high-viscosity toluene-based medium (ThermoScientific).
Immunohistochemistry/Immnofluorescence
Hematoxylin and eosin (H&E) staining was performed according to manufacturer's instructions (Sigma). The Roche TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling) kit was used to assess apoptotic cells. Sections were treated according to the manufacturer's guidelines. Slides were developed in diaminobenzidine for 8 min and counterstained with methyl green. Toluene-based media was used for mounting. A section of involution Day-9 mammary gland was used as a positive control. A terminal deoxynucleotidyl transferase-negative enzyme control was used to rule out background staining.
For immunofluorescence, 5-lm paraffin sections of mammary gland tissue were deparaffinized and rehydrated. Retrivagen A (Roche) or 0.1% pepsin (Sigma) were used for antigen retrieval. Immunofluorescence was performed using anti-alpha smooth muscle actin-Cy3 (1:1000; Sigma), anti-whey acidic protein (1:50, SCBT), and anti-E-cadherin (1:100, Cell Signaling Technology) in 10% normal goat serum. Secondary goat-anti-rabbit Alexa488 or goat-antirabbit Cy3 (Invitrogen) was used for 15 min at 1:200. Nuclei were counterstained for 5 min in 0.6 mM 4 0 ,6-diamidino-2-phenylindole. Aqueous polymount was used to mount stained sections. Pictures were taken using an Olympus microscope and camera.
Oxytocin Response
The oxytocin response assay was performed as described by Plante and Laird [4] with modifications. The number 3 mammary glands were exposed one at a time. One side was treated with oxytocin, and then the other side was treated with PBS as a control. An initial picture was taken prior to addition of PBS or 1 mg/ml oxytocin (Sigma) in PBS. After 1 min, the gland was photographed again. Pictures were taken using an Olympus dissecting scope and camera.
Generation of MCF10A Vector and WNT5A Cell Lines
MCF10A cells were obtained from ATCC and cultured according to their protocols. WNT5A cDNA was placed into the pLenti7.3/V5-DEST vector using Gateway technology from Invitrogen. pLenti7.3/V5-DEST vector contains an emerald green fluorescent protein (EmGFP) tag for selection of lentivirus transduced cells by flow-activated cell sorting. WNT5A in the vector was confirmed with sequencing and restriction enzymes digestion. Lentiviruses were then produced as described previously [16, 17] . Human embryonic kidney 293FT cells (Invitrogen) at 90% confluency were cotransfected with the pLenti expression constructs and the optimized packaging plasmids mix (pCMV-VSV-G envelope vector and psPAX2 vector) by using FuGENE HD Transfection Reagent. After 48 h, the supernatants of 293FT cells with lentivirus were pooled, spun at 3000 rpm at room temperature for 5 min and filtered through Millex-HV 0.45-lm PVDF filter. The MCF10A cells were infected with lentivirus when they were 30%-50% confluent and were selected for EmGFP-positive cells by flow cytometry 72 h after transduction. The expression of WNT5A was confirmed at the protein level by Western blot analysis after selection, and the expression was stable and confirmed in later passages of cells.
Dye Transfer Assay
Cells were grown to confluence, at which time the dye was loaded into the cells as described in [18] . The dye solution contained 0.05% Lucifer yellow and 0.05% rhodamine-dextran suspended in PBS, warmed to 378C and protected from light. Cells were wash with PBS, and then 300 ll dye solution was added per well of a 24-well plate. The cells were scraped with a new scalpel and incubated for 2 min. Cell were washed twice with PBS, and pictures were taken 5 min later. Phase contrast, red channel, and green channel images were captured using an inverted Olympus microscope with a Magnafire digital camera.
Statistical Methods
Comparisons of frequency data by strain were performed by Fisher exact test. Continuous outcomes (e.g., litter size) were compared by Student t-test. Survival analyses were computed by Kaplan-Meier curves and the log-rank test. For all analyses a P value of ,0.05 was deemed statistically significant.
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RESULTS
Generation of MMTV-WNT5A Transgenic Mice
The MMTV promoter/enhancer element is frequently used to drive protein expression in murine mammary epithelial tissue. We utilized this promoter to overexpress human WNT5A in the mammary gland (Fig. 1A) . Human and murine Wnt5a have 99% amino acid homology, and recombinant human WNT5A has been used to stimulate murine cells [14, 15, 19] . Out of seven initial founders, three lines were chosen for characterization: M5a2, M5a3, and M5a4. Most of the results shown here are from the M5a3 line because it had the highest level of expression. Expression of the WNT5A transgene was detectable at 8 wk of age at both the RNA and protein level in M5a3 transgenic females (Fig. 1, B and C) . Because of the hormone-responsive nature of the MMTV promoter, the levels of WNT5A increased dramatically during pregnancy and lactation (Fig. 1C) . Strong expression of WNT5A was seen by Western blot during late pregnancy (17.5 dpc) and at 1 dpp.
Mammary Gland Development Is Not Affected by Overexpression of WNT5A
Previous data demonstrated that loss of Wnt5a results in increased proliferation in mammary epithelium and increased branching in the mammary gland during puberty [14] . Additionally, implantation of slow release pellets containing WNT5A into mammary glands of developing mice resulted in reduced proliferation and extension of the terminal end buds as well as inhibition of growth of the lateral branching. However, M5a3 mammary glands developed normally during puberty with only mild effects on end bud formation at 5 wk of age and lateral branching at 8 wk of age (Fig. 2) . M5a3 mammary glands at 20 wk of age were indistinguishable from age-and litter-matched wild-type controls (Fig. 2) . However, the levels of WNT5A as measured by Western blot analysis were fairly low in nonpregnant females (Fig. 1C) , and it is possible that the level of expression in these mice may not be high enough to generate a strong phenotype in the transgenic animals at this stage.
WNT5A Inhibits Normal Lactation Without Affecting Alveolar Development
Because the levels of endogenous WNT5A are known to drop at lactation [13] , we examined the role of WNT5A during pregnancy and lactation to determine if continued expression of WNT5A would affect lactation. We measured pup survival rates for M5a2, M5a3, M5a4, and wild-type dams. Although all the pups born to wild-type mothers survived, none of the pups from M5a3 mothers survived past 3 dpp (Fig. 3A) . In a second line, M5a2, pup survival was only 62%. Interestingly, the pup survival rate correlated to the level of WNT5A transgene expression (Fig. 3B ). WNT5A protein, as measured by Western blot, was expressed strongly in M5a3 glands whereas M5a2 expressed a moderate level. WNT5A protein was not detectable by Western blot in M5a4 glands, the only line with 100% pup survival. Pup survival depended on the lactation ability of the mother, as pups fostered from transgenic dams to wild-type dams survived without complication. Litter size was similar for wild-type, M5a2, M5a3, and M5a4 mothers, indicating differences in pup survival rates were not due to differences in pup number (data not shown).
Alveolar development as determined by gross mammary gland morphology at late pregnancy appeared at most only mildly affected in WNT5A overexpressing lines (Fig. 2) . Alveolar and lobulo-alveolar structures were present at 17.5 dpc and 1 dpp, as evidenced by both whole mount and H&E staining (Fig. 4A and data not shown) , indicating that lactation failure in M5a dams did not result from a significant overall retardation of mammary development.
Failure to Lactate Is Not Due to Alterations in Apoptosis, Cell Differentiation, or Milk Synthesis and Secretion
Differentiation of all the cell types within the mammary gland, luminal, alveolar, and basal/myoepithelial, is necessary for proper lactation. Initially, to examine morphology of luminal cells, we stained pregnant and lactating mammary glands with E-cadherin. Luminal cell morphology was normal in the transgenic mammary glands compared to controls (Fig.  4C ). E-Cadherin staining intensity or localization was unaffected by WNT5A overexpression, indicating luminal cells differentiated normally.
Alveolar cell development is more specific to lactation. This cell type begins to develop at the onset of pregnancy. During lactation alveolar cells produce milk proteins that are then secreted into the lumen. Beta-casein and whey acidic protein (WAP) are two major milk proteins used to examine milk production. WAP localized to the alveolar and luminal cells in 
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both wild-type and M5a glands and was clearly secreted into alveoli and ducts (Fig. 4D) . Furthermore, beta-casein expression was normal in M5a3 glands, as assayed by Western blot (Fig. 4F) , so we conclude that failure to make or secrete milk is not the primary defect leading to a failure to lactate in the M5a3 mice. Interestingly, H&E staining showed that ducts in M5a3 and M5a2 mammary glands were dilated and filled with milk ( Fig. 4A and data not shown) . The dilation of milk filled ducts was also seen at the gross level (Fig. 4B) , suggesting a defect in milk ejection.
Because milk ejection depends on the function of myoepithelial cells, we examined myoepithelial cell histology using alpha-smooth muscle actin (aSMA) immunostaining. Myoepithelial cell localization and aSMA expression levels appeared normal by immunofluorescence staining (Fig. 4E) . Additionally, Western blot demonstrated comparable protein expression levels of the myoepithelial cell markers p63 and aSMA in M5a and wild-type mammary tissue (Fig. 4F) . Therefore, we conclude that neither luminal, alveolar, nor myoepithelial cell differentiation is affected by WNT5A overexpression.
Lactation defects could be a result of premature involution so we examined apoptosis in control and M5a3 glands. A relatively easy method to examine apoptosis in tissue sections is TUNEL staining [20] . TUNEL staining during late pregnancy (17.5 dpc) indicated no differences in apoptosis between transgenic glands and wild-type controls (Fig. 4G ). Very few apoptotic cells were observed at this stage of development. At 1dpp, TUNEL staining was slightly increased in M5a glands relative to controls, however, the small level of apoptosis seen was unlikely to result in a total failure of lactation. In addition, it is known that milk stasis can induce apoptosis in mammary epithelium within hours. H&E staining, described above, indicated accumulation of milk in the ducts; therefore, the slight increase in TUNEL-positive cells was likely a consequence of the accumulation of milk. We conclude that the slight increase in apoptosis at 1dpp is most likely not the primary cause of failure to lactate but rather a consequence of the failure in milk ejection. glands may have slightly reduced branching. Lobulo-alveolar structures are apparent at 17.5 dpc, although they may be sparser than WT levels, perhaps due to mildly decreased branching. Overall, the development of M5a3 glands is only mildly impaired in hemizygous MMTV-WNT5A mice. Images captured using an Olympus SZX12 stereo microscope. Original magnification 37 (left panels) and 370 (right panels). smooth muscle actin and p63. Additionally, M5a3 dams produce normal amounts of milk (beta-casein). G) TUNEL staining to identify apoptotic cells reveals no difference in cell death between WT and M5a3 epithelium during pregnancy at 17.5 dpc. However, increased TUNEL staining occurs at 1 dpp in M5a3 glands, possibly secondary to milk stasis. Images captured using an Olympus BX51 upright microscope (A, C-E, G) and an Olympus SZX12 stereo microscope (B). Original magnification 37 (B), 3100 (A), and 3200 (C-E, G).
Milk Ejection Is Impaired in M5a Mammary Glands
Because milk production, and therefore luminal and alveolar cell function, appeared unaffected by WNT5A overexpression, we wanted to examine myoepithelial cell function. Myoepithelial cells respond to the hormone oxytocin by contracting and forcing milk from the alveolar space into the ducts. Grossly, the myoepithelial cell responses can be visualized as a decrease in the opacity of the alveoli as a result of the removal of milk as well as an increase in the amount of milk in larger ducts after a 1-min treatment with oxytocin (Fig. 5A) . Although wild-type glands responded readily to oxytocin administration, M5a3 mammary glands failed to respond, and milk remained in the alveoli and additional milk did not accumulate in the ducts (Fig. 5A) . Similar results were obtained for the M5a2 line (data not shown). In the mammary gland, only myoepithelial cells express the oxytocin receptor (OXTR), allowing them to respond to oxytocin. The failure of M5a3 myoepithelial cell function could potentially be due to changes in OXTR expression; however, protein levels of OXTR, as measured by Western blot, were unaltered by WNT5A overexpression (Fig. 5B) , indicating that WNT5A blocks oxytocin responses downstream of the receptor.
WNT5A Alters Cx43 Phosphorylation in Mammary Myoepithelial Cells
Mutations in Cx43 lead to a phenotype strikingly similar to that in the M5a mice. In the mammary gland, Cx43 is specifically expressed in myoepithelial cells, and expression of a Cx43 phosphorylation mutant, Gja1
Jkt , impairs milk ejection and parturition in mice without apparent effects on development through puberty and pregnancy [5, 21] .
Gja1
Jkt mutant mammary glands demonstrated an accumulation of milk in mammary ducts as well as failure to respond to oxytocin despite normal levels of OXTR, phenotypes we also observed in M5a females. Thus, we examined Cx43 expression in myoepithelial cells isolated directly from M5a and wild-type glands (Fig. 5 C) . Differences in Cx43 phosphorylation were visualized by Western blot as differences in the banding pattern of the protein. Three bands were previously described. The lowest band has been termed P0 because it was initially thought to be the unphosphorylated form of Cx43, while P1 is the middle band and P2, which is not detected here, is the slowest migrating band, representing differentially phosphorylated forms of the protein. We examined Cx43 phosphorylation both during late pregnancy and early lactation. In late pregnancy, most of the Cx43 was in the P1 form and there was no difference between wild-type and M5a3 mice (Fig. 5C ). At lactation, there was a shift in wild-type mice from the P1 form to both P0 and P1 forms of Cx43. In contrast, M5a mice at 1dpp demonstrated a predominance of the P1 form of Cx43 as measured by densitometric scans of three separate Western blots (wild-type P1/P0 ¼ 0.9 6 0.13; M5a3 P1/P0 ¼ 1.4 6 0.16; t-test P ¼ 2.5 3 10 À5 ). Next, we looked at the levels of a specific form of Cx43 phosphorylated on Ser-368 in mammary epithelial cells from 1dpp wild-type and M5a3 mice (Fig. 5E) . Phosphorylation on Ser-368 of Cx43 is associated with reduced channel conductance [22] . Little to no phospho368 Cx43 was detected in wild-type mice at this stage. In contrast, this form of
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Milk protein accumulates in the ducts of wild-type (WT) mammary glands in response to oxytocin treatment (þOXT, top). At the same time, milk is removed from the alveoli (þOXT, bottom), which can be seen as an increase in the empty spaces between alveoli as well as reduced opacity in the alveoli. However, M5a3 glands lack any visible response to oxytocin addition. PBS negative controls are also shown (þPBS). Images captured using an Olympus SZX12 stereo microscope. Original magnification 37. B) Western blots demonstrate no differences in oxytocin receptor protein levels between WT and M5a3 mice. Two WT and two M5a3 samples are shown. Pancytokeratin was used as a loading control. C) Western blot for Cx43 phosphorylation shows two distinct bands: P0, the presumptive hypophosphorylated protein, and P1, the more phosphorylated Cx43 form. At 17.5 dpc, both WT and M5a3 glands have an abundance of P1. At 1 dpp, WT glands show both P0 and P1 forms about equally. M5a3 glands maintain predominantly the P1 form, which is similar to the pregnancy pattern. D) Western blot for the phospho368 form of Cx43 (Cx43P368) shows little to no expression in WT 1 dpp epithelium, whereas this form of Cx43 is readily visible in M5a3 epithelium. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.
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Cx43 was easily visible by Western blot in the M5a3 cells. The results suggest that WNT5A regulates the phosphorylation status of Cx43, which is necessary for the response to oxytocin and milk ejection.
Ectopic Expression of WNT5A Inhibits Gap Junction Intercellular Communication in MCF10A Cells
To determine if ectopic WNT5A and the changes seen in Cx43 phosphorylation correlated to any alteration in Cx43 function, we performed a dye transfer assay using MCF10A cells [18, 23, 24] . MCF10A cells are a nontumorigenic breast epithelial cell line that was previously shown to be competent for gap junction intercellular communication (GJIC) [23, 24] . The primary function of Cx43 is to mediate GJIC, a direct connection of the cytoplasm of two cells that allows various molecules to pass between the cells. First, we generated cell lines that overexpressed WNT5A using lentivirus transduction in MCF10A cells. A control lentivirus vector-only cell line was also established. Increased expression of WNT5A was verified by Western blot analysis (data not shown). Next, using Western blot analysis, we compared the expression of the phospho368 form of Cx43 in WNT5A-expressing cells and in vector control cells (Fig. 6A) . The phosphorylated form of Cx43 was barely detectable in control cells whereas there was strong expression in the WNT5A-expressing cells. This is similar to what we saw in epithelial cells isolated from M5a3 mammary glands, and phosphorylation at this residue was previously shown to result in a closed conformation for the gap junction channel [22] . We then used the cells in the dye transfer assay (Fig. 6B ). Cells were grown to confluence and then were loaded with Lucifer yellow and rhodamine-dextran by scratching the monolayer. The dye is loaded into the cells near the scratch but not into cells in the intact monolayer. Dextran is too big to participate in GJIC and as such served to mark the cells that were originally loaded with the red dye. Lucifer yellow is a small dye and can participate in connexinmediated GJIC, which can be seen as green-labeled cells at a distance from the loaded (red) cells. In vector control cells, green staining was seen at a distance from the scratch and redloaded red cells, indicating functional GJIC. In contrast, in cells expressing WNT5A, green cells were rarely seen at any distance from the scratch or independently of the originally loaded cells. This suggests that GJIC is inhibited in the WNT5A-overexpressing cells. Inhibition of GJIC may be the mechanism by which WNT5A inhibits milk ejection in response to oxytocin.
DISCUSSION
WNT5A is expressed at every stage of mammary gland development except for lactation [13] . The function of the dramatic reduction in WNT5A expression at lactation was not clear until now. For this study, we generated mice that overexpress WNT5A (M5a) in the mammary gland. This mouse model allowed us the unique opportunity to examine the effects of WNT5A on lactation. We show here that WNT5A overexpression prevents transgenic dams from feeding their pups, and that this lactation phenotype results from failed milk ejection in response to oxytocin. These findings suggest that myoepithelial cell function may be strongly affected by WNT5A signaling, although myoepithelial cells were present and appeared to be fully differentiated as measured by the expression of aSMA and p63. The results indicate that WNT5A regulates myoepithelial cell function in M5a mice rather than regulating early stages of differentiation.
Unexpectedly, expression of WNT5A in M5a mice resulted in only very mild effects on development during puberty. Since previous reports from our laboratory showed that implantation of WNT5A slow release pellets can inhibit ductal extension and end bud proliferation during puberty [14] , we expected to observe a more robust branching phenotype in M5a mice. It is possible that the level of WNT5A transgene expression during puberty in the hemizygous M5a mice is not sufficient to generate more robust alterations in mammary gland morphology. Nevertheless, WNT5A transgene expression in M5a mice increases dramatically during pregnancy and into lactation as a result of the hormone responsive nature of the MMTV promoter. Therefore, we were able to bypass any effects WNT5A may have on early mammary gland development and focus on the role of WNT5A in pregnancy-associated development and the onset of lactation. 
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The milk-letdown response that occurs at parturition requires oxytocin stimulation and contraction of myoepithelial cells [25] . However, very little is known about the paracrine and autocrine factors regulating oxytocin responses in the mammary gland at the time of parturition. M5a mice have a lactation defect similar to that observed in oxytocin and oxytocin receptor knockout mice [26] [27] [28] . Milk ejection also requires Cx43, as a functional mutation in Gja1 abrogates oxytocin response [4] . Gja1 disruption only mildly impairs mammary gland development, but lactation is inhibited and glands fail to respond to oxytocin. In this study, we provide evidence that WNT5A may be one of the paracrine factors acting to mediate the oxytocin response and maintain the mammary myoepithelial cells in an unresponsive state until parturition has occurred. The results suggest that changes in Cx43 phosphorylation between late pregnancy and early lactation may be an important control mechanism for the milk-letdown response that occurs at parturition and that WNT5A can prevent changes in Cx43 phosphorylation at this point. It has been shown that phosphorylation at the Ser-368 residue can inhibit GJIC communication, which is required for the response to oxytocin [4, 22] . Changes in phosphorylation at Ser-368 in response to WNT5A coupled with the data showing impaired oxytocin responses in M5a mammary glands suggests that WNT5A inhibits milk ejection through altered Cx43 phosphorylation and loss of GJIC.
Cx43 is widely expressed and is also important for myometrial cell contraction at parturition [29] . When Cx43 is disrupted in the uterus, parturition is delayed and not all pups are delivered [21] . Likewise, we observed a mild parturition phenotype in the M5a mice. Almost 20% of M5a3 dams and 15% of M5a2 dams failed to deliver their pups by 21.5 dpc. Expression of MMTV transgenes in the uterus has been documented [30, 31] . Using the Rosa26 LacZ reporter and MMTV-Cre mice, our laboratory verified uterine MMTV expression, observing staining in the uterine glands of 5-wkold mice (data not shown). We also examined expression of WNT5A in protein isolated from whole uterus both during late pregnancy and at 1 dpp. WNT5A protein was detected in M5a uteri but weakly or not at all in wild-type uteri (data not shown). We hypothesize that parturition may be impaired in transgenic females due to expression of WNT5A. This phenotype is incompletely penetrant and requires further investigation. However, it further supports the hypothesis that WNT5A may be regulating contraction responses through the regulation of Cx43.
The primary function of Cx43 is to mediate GJIC. We propose that disruption of GJIC leads to the inability of myoepithelial cells to coordinate contraction, thereby preventing milk ejection. Reduced dye transfer between WNT5A-expressing MCF10A cells in culture support this hypothesis. Nevertheless, WNT5A could also regulate a GJIC-independent function of Cx43. In some cells, Cx43 has been linked to intracellular functions that can regulate cell buffering of Ca 2þ , Na 2þ , and ATP independently of its function in intercellular communication [32] [33] [34] [35] . Unknown GJIC-independent pathways could also have effects on myoepithelial cells that could influence contractility or response to oxytocin treatment.
To our knowledge, this is the first report of any interaction between Cx43 and WNT5A. We have introduced the idea that WNT5A regulates Cx43 function through alterations in phosphorylation. This interaction may not be limited to mammary gland development. Temporal regulation and disease phenotypes suggest the Cx43 and WNT5A pathways may interact during organogenesis of other tissues such as the heart and limb bud [19, [36] [37] [38] .
